The translocation of polymers through pores is widely observed in 8 nature and studying their mechanism may help understand the fundamental features 9 of these processes. We describe here the mechanism of threading of a series of 10 polymers through a flexible macrocyclic ring. Detailed kinetic studies show that the 11 translocation speed is slower than the translocation speed through previously 12 described more rigid macrocycles, most likely as a result of the wrapping of the 13 macrocycle around the polymer chain. Temperature-dependent studies reveal that the threading rate increases on decreasing the 14 temperature, resulting in a negative activation enthalpy of threading. The latter is related to the opening of the cavity of the 15 macrocycle at lower temperatures, which facilitates binding. The translocation process along the polymer chain, on the other 16 hand, is enthalpically unfavorable, which can be ascribed to the release of the tight binding of the macrocycle to the chain upon 17 translocation. The combined kinetic and thermodynamic data are analyzed with our previously proposed consecutive-hopping 18 model of threading. Our findings provide valuable insight into the translocation mechanism of macrocycles on polymers, which is 19 of interest for the development of processive catalysts, i.e., catalysts that thread onto polymers and move along it while 20 performing a catalytic action.
■ RESULTS AND DISCUSSION

77
Previous Studies on Compound 1. In previous papers 6,7 78 we described a method for studying the threading of porphyrin 79 cage compounds onto polymers of different length. To this end 80 the polymers were blocked on one side with a di-tert-81 butylphenyl group and provided with a trap, i.e., a viologen 82 molecule, which has a high affinity for the macrocyclic 83 compound. The trap is located close to the blocking group 84 and can only be reached by the porphyrin macrocycle if it first 85 threads onto the open end of the polymer and then fully f2 86 traverses the polymer chain (Figure 2a ). Detailed analysis 87 performed by NMR spectroscopy and MALDI-TOF mass 88 spectrometry revealed the formation of only a 1:1 complex 89 between porphyrin macrocycle and polymers under the 90 conditions of the experiments. 6 The threading process can be 91 followed by recording the fluorescence emission of the 92 porphyrin, which is quenched when it reaches the viologen 93 trap. This quenching only occurs when the viologen is bound 94 inside the cavity. It was found that the threading process obeys 95 second-order kinetics and the dethreading process follows first-96 order kinetics and that these processes are strongly dependent 97 on the number of atoms of the thread, i.e., the length of the 98 polymer chain. The threading kinetics were explained by using 99 a consecutive-hopping mechanism (Figure 2b) . 7,8 100 In this model the threading is dependent on the initial 101 binding event and the chance of arrival of the macrocycle at the 102 viologen trap. 7 The overall threading rate constant k is 103 described by k = k initial /(n + 1) and the overall dethreading 104 rate constant k′ by k′ = k v-off /(n + 1). The rate constant for 105 initial binding (k initial ) is independent of the length of the 106 polymer chain, i.e., the number of atoms n, whereas the chance 107 of arrival of the macrocycle to the viologen trap (1/1 + n) is 108 dependent on the polymer length. In the proposed consecutive- is therefore not explicitly expressed in the consecutive-hopping 116 model; however, it is statistically present in n + 1. Temperature-117 dependent measurements showed that the activation enthalpy 118 of threading (ΔH ⧧ ) is positive and remains constant, whereas 119 the activation entropy (ΔS ⧧ ) is negative and becomes more 120 negative as the number of the atoms per chain increases. Thus, 121 the energy barrier that has to be overcome for threading to 122 occur is entropic in origin and depends on the length of the 123 polymer chain. 124 Kinetics and Thermodynamics of Threading for 125 Macrocycle 2. The target compounds H 2 2 and Zn 2 were 126 synthesized according to a published procedure. 9 The synthesis, 127 characterization, and binding properties of these compounds 128 will be described elsewhere. 9 Initial conformational analysis of Figure 4a ). A similar degree of fluorescence quenching was 147 observed for each polymer at equilibrium, independent of the 148 polymer length, which suggests that H 2 2 binds to polymers t1 149 P1−P7 with similar association constants (vide inf ra, Table 1 ). 150 While the trend in fluorescence quenching rate of H 2 2 upon 151 the addition of viologen-functionalized polymer is similar to 152 that of H 2 1 (i.e., the rate of quenching decreases as the 153 polymer length increases), the degree of quenching is much 154 lower in the case of H 2 2. The fraction of macrocycle−viologen 155 complex in the mixture can be quantified by the decrease in 156 fluorescence intensity. Addition of 2.5 equiv of polymer to H 2 2 157 gives rise to only 25% decrease in fluorescence emission, while 158 addition of 1 equiv of guest to H 2 1 under identical conditions 159 results in 75% fluorescence decrease (see the Supporting 160 Information Figure S1 for P2). The association constants of the 161 polymers and H 2 2, which were determined by applying 162 second-order 1:1 kinetic binding isotherms (K a = 10 5 M −1 , 163 Table 1 ) (see the Supporting Information, part 3), revealed that 164 H 2 2 displays significantly lower affinities (K a ∼ 10 5 M −1 ) for 165 viologen derivatives P1−P7 than H 2 1 (K a = 10 7 M −1 ). 7 The 166 threading experiments with H 2 2 were further analyzed, and the 167 rate constants of threading (k) and subsequently the free 168 energy of activation for threading (ΔG ⧧ ) were determined. The 169 values of k and ΔG ⧧ are depicted in Figure 4b ,c as a function of 170 number of atoms per polymer chain. The trend in the polymer 171 length dependency of the k of H 2 2 is different from that of the 172 k of H 2 1, which in both cases shows a gradual shift from higher 173 k to lower k ( Figure 4b and Table 1 ). However, as the number 174 of atoms in the polymer chain doubles (P2−P5) the rate of H 2 175 2 decreases by a factor of 4, which is more than the expected 176 factor of 2 predicted by the consecutive-hopping model for H 2 177 1. Presumably, the energy barrier associated with traversing the 178 polymer chain upon increasing the polymer length increases 179 more for H 2 2 than it does for H 2 1. The initial threading event 180 of H 2 2 is apparently the rate-determining step for the short 181 chain (P1-P3) threading process. However, when the chains 182 are longer (P4-P7), the translocation step becomes the rate-183 determining step. We propose that the measured lower 199 The free energy of activation of the threading (ΔG ⧧ ), which 200 is calculated from the measured rate constants, can be divided 201 into three parts:
(1) 203 where ΔG ⧧ initial is the free energy of activation of initial binding, 204 ΔG ⧧ ca is the additional free energy of activation corresponding 205 to the length-dependent chance of arrival (ca) at the trap, and 206 ΔG ⧧ translocation is the observed extra free energy of activation of 207 the translocation process. 208 The individual free energy terms are given by eqs 2−4. 
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Equations 2 and 3 follow directly from the conventional 213 consecutive-hopping model, 7 and eq 4 provides the free energy 214 of activation of traversing a single atom ΔG ⧧ atom on the 215 polymer chain by the porphyrin macrocycle, where n is the 216 number of atoms in the polymer chain. ΔG ⧧ atom is an additional 217 parameter to describe the deviations of the threading of H 2 2 218 from the conventional consecutive-hopping model, which holds 219 for H 2 1. Fits obtained by eq 1 are in good agreement with the 220 experimental data (see Figure 4b ,c). From the measured values 221 of ΔG ⧧ (Table 1 ) the values for k initial and ΔG ⧧ atom were t2 222 calculated using eqs 1−4. The results are presented in Table 2 . 223 H 2 2 and Zn 2 display additional ΔG ⧧ atom values of 9.5 and 12.5 224 J mol −1 , respectively, as a result of their slow translocation 225 speed (i.e., additional binding−releasing events through the 226 polymer chain). For H 2 1 and Zn 1, in which slow translocation 227 is not observed, these numbers are 1.5 and 0 J mol −1 , 228 respectively. 229 In separate experiments we investigated the effect of 230 temperature on the threading rate by monitoring the 231 fluorescence quenching at different temperatures and deter-232 mined the rate constant k for threading of H 2 2. Our findings 233 showed that the threading rate decreases upon increasing 234 temperature (see the Supporting Information, Figure S2 ). The 
6.5 × 10 6 1.5 Zn 1 9.0 × 10 5 0 H 2 2 1.2 × 10 7 9.5 Zn 2 4.7 × 10 7 12.5 a Estimated error = 50%. b Estimated error = 30% (average of fitting using all polymers). The fits show the trend in the energy profiles, i.e., an 258 decrease in the −ΔS ⧧ and an increase in ΔH ⧧ as a function of 259 the number of atoms in a polymer chain, as derived from Table  260 1. The results suggest that the threading of H 2 2 becomes 261 entropically favorable and enthalpically unfavorable as the 262 length of the polymer chain increases. The data obtained for 263 macrocycle H 2 2 and polymers P1−P7 are remarkably different 264 from those observed for the threading of H 2 1 onto P1−P7 265 under identical conditions. The activation enthalpy of threading 266 for H 2 1 is positive, ΔH ⧧ = +20 kJ mol −1 , and remains constant 267 as the number of atoms per polymer chain increases. 268 Furthermore, the value of TΔS ⧧ becomes more negative 269 (from −15 to −29 kJ mol −1 ) as the chain length increases (i.e., 270 threading becomes more entropically unfavorable as the chain 271 length increases), which is in agreement with the consecutive-272 hopping model. 7
273
In order to better comprehend the transition-state 274 parameters displayed in Figure 5a , the energy of activation 275 for threading, ΔG ⧧ , was analyzed as a function of number of 276 atoms per polymer chain at three different temperatures 277 (Figure 5b) . By using the fits obtained in Figure 5b the values 278 for k initial , ΔG ⧧ atom , and subsequently the activation parameters, 279 ΔH ⧧ initial , ΔS ⧧ initial , ΔH ⧧ atom , and ΔS ⧧ atom were derived ( Figure  280 5c ). For macrocycle H 2 2 and polymer P1 the value of k initial 281 increases upon lowering the temperature (k initial = 1.4 × 10 7 282 M −1 s −1 at 296 K, k initial = 3.5 × 10 7 M −1 s −1 at 274 K), Figure S3 ). As depicted in Table 1 , the enthalpy of binding for 307 complex formation between H 2 2 and P1−P7 has a value 308 ranging from ΔH°= −23 to −31 kJ mol −1 while the entropic 309 contribution ranges from TΔS°= 7 to −1 kJ mol −1 . This Threading of Zn 2. The threading of Zn 2 over polymers 321 P1−P7 was studied in a similar way as for H 2 2. Analysis of the 322 data revealed that the k values for threading of Zn 2 are on 323 average 2.9 times higher than those of H 2 2 (compare Table 1 t3 324 with Table 3 ). This observed threading behavior is in contrast 325 to the behavior observed for H 2 1 and Zn 1 in which threading 326 of H 2 1 is faster than that of Zn 1. This difference could be the 327 result of the coordination of the zinc center of Zn 2 to the 328 oxygen atoms in the oxyethylene moieties of the host (see the 329 Supporting Information, Figure S6 ). The polymer length-330 dependency of the threading process of Zn 2, however, is 331 similar to that observed for H 2 2 and also the calculated 332 activation parameters revealed similar values and length 333 dependencies. Zn 2 showed a higher threading rate with 334 decreasing temperature similar to H 2 2. Furthermore, a negative 335 and increasing (more positive) value for ΔH ⧧ and a negative 336 and increasing (less negative) value of TΔS ⧧ as a function of 337 the number of atoms in the polymer chain were observed 338 (Table 3) . 339 Mechanism of Threading. The mechanism proposed for f6 340 the threading process of H 2 2 is presented in Figure 6 . The 341 initial binding of the macrocycle to the open end of the 342 polymer chain is entropically highly unfavorable (TΔS ⧧ initial = 343 −63 ± 10 kJ mol −1 ), which can be attributed to the loss of 344 conformational freedom of both the flexible cavity and the open 345 end of the polymer chain upon binding (Figure 6a ). Once 346 threaded, H 2 2 moves along the polymer chain randomly, 347 "hopping" from one local energy minimum to the other ( Figure  348 6b,e). The derived values for ΔH ⧧ atom (66 ± 20 J mol −1 ) and 349 ΔS ⧧ atom (TΔS ⧧ atom = 57 ± 20 J mol −1 ) indicate that the 350 translocation process is entropically favorable and enthalpically 351 unfavorable. This is unprecedented because one would expect 352 that the movement along the polymer requires the stretching 353 and ordering of the polymer chain, which is entropically 354 unfavorable. The experimental observations, on the other hand, 355 suggest that H 2 2 has a relatively strong affinity for the chain, 356 which leads to the conclusion that the translocation process 357 becomes a more rate-determining factor than the rearrange-358 ment of the polymer chain. In order to translocate along the 359 chain, H 2 2 first has to adopt a more relaxed conformation in 360 which it releases the tight binding geometry with the chain 361 (Figure 6c,e) , which is an enthalpically unfavorable but 362 entropically favorable process. This results in a more positive 363 ΔH ⧧ and a less negative ΔS ⧧ upon increasing polymer lengths, 364 and because of this the translocation process becomes 365 significantly more apparent in the threading process upon 366 increasing chain length (as observed in the rate of quenching in 367 fluorescence emission). Finally, the macrocycle H 2 2 reaches 368 the viologen trap and the system relaxes to find its energy 369 minimum (Figure 6d,e ). The chance of reaching the viologen is 370 proportional to the polymer chain length. For H 2 1 and Zn 1, 371 where the translocation process is not expressed in the 372 threading curves (as observed in the rate of quenching of the 373 fluorescence emission) only the chance of arrival determines 374 the observed length dependency, and this is expressed in extra 375 activation entropy upon increasing chain lengths. This entropic 376 effect is not observed for threading of polymers through H 2 2 377 because it is compensated for by the entropically favorable 378 translocation process. 379 The measured negative enthalpy of activation for the 380 threading (e.g., ΔH ⧧ = −19 kJ mol −1 for the combination H 2 381 2 and P1, Table 1 ) and for the initial binding event (for H 2 2 382 ΔH ⧧ initial = −31 ± 10 kJ mol −1 , see above) is highly uncommon 383 in supramolecular systems. 12, 13 The rate of complexation The initial binding therefore has an entropic penalty; however, 407 it is enthalpically driven.
408
Theoretical Evaluation. As mentioned above we used the 409 consecutive-hopping model to explain the mechanism of 410 threading for regular porphyrins 7 and we extended this model 411 in order to describe the threading mechanism of macrocycles 412 H 2 2 and Zn 2. This model also allows us to simulate threading 413 curves for polymers with different chain-lengths and macro-414 cycles with a larger affinity for the polymer chain. By using 415 these simulations, we may describe the deviations in the 416 threading kinetics of compounds 2 compared to compounds 1 417 and verify the presence of a slow translocation process in the 418 threading of the first mentioned compounds. 419 We previously proposed that the observed chain-length 420 dependency of the threading process originates from the rate of (5) 443 First, we calculated t 1/2-translocation , which is the time for the 444 arrival of half of the macrocycles at the viologen trap with 445 different values of n and k hop . Then we compared these values 446 with t 1/2-entron , which can be calculated from the values of k entron 447 and [P o ] by using eqs 1 and 2 (k entron = k initial , vide supra) and eq 448 5. When k entron < k hop , the macrocycle has an interaction with 449 the polymer chain that can be expressed by K Polymer = k hop / 450 k entron , which is higher than 1 M −1 , and the interaction with the t4 451 polymer chain is therefore weak. Table 4 shows that when 452 K Polymer = k hop /k entron > 1 M −1 , t 1/2-entron for values of n up to 453 1000 is significantly larger than t 1/2-translocation . The translocation 454 is therefore significantly faster than the initial binding event. As 455 a result, the overall threading curves depend only on the initial 456 binding rate and the chance of arrival (ca). On the other hand, 457 when K Polymer = k hop /k entron < 1, t 1/2-translocation becomes of the 458 same order of magnitude as, or even higher than t 1/2-entron , 459 depending on the values of k hop and n. In that case the 460 translocation process plays a significant role in the observed 461 overall threading curves. A number of simulations for threading 462 of a macrocycle with weaker or stronger affinities for the f7 463 polymer chain are depicted in Figure 7a ,b, respectively. 464 The simulations show that when the affinity for the polymer 465 chain increases (lower k hop ), the curves deviate upon increasing 466 n (Figure 7b ). The translocation thus becomes apparent in the 467 overall threading curves, which is expressed in slower evolution 468 of the complex formation, but also in the appearance of sigmoid 469 curve shapes. As depicted in Table 4 the deviations become 470 apparent when t 1/2-translocation equals t 1/2-entron and become larger 471 when t 1/2-translocation > t 1/2-entron . As soon as the threading curves 472 become sigmoidal, showing an initial delay before fluorescence 473 quenching is observed, the overall threading curves can no 474 longer be fitted to 1:1 binding kinetics, and the threading-on 475 process is no longer purely second-order. Given that the initial 476 delay lies within the initial part of the curves, which is in most 477 cases during the experimental mixing time of the components, 478 these deviations from perfect 1:1 binding kinetics might 479 experimentally not be directly apparent. 480 Threading rate constants were also calculated at different 481 polymer concentrations. At increasing polymer concentrations, 482 t 1/2-entron decreases, whereas t 1/2-translocation remains constant 483 because the latter is an overall first-order process and therefore 484 concentration independent. As a result, the deviation from the 485 1:1 binding kinetics is expressed to a larger extent at higher 486 polymer concentration. An increasing affinity of the macrocycle 487 for the polymer chain also starts to influence the observed 488 association equilibrium constant for the viologen moiety. In 489 that case the binding to the chain competes with the binding to 490 the viologen, and it can therefore be expected that increasing for the observed length dependency of the threading process is 498 therefore as given in eq 6, where f is an additional factor larger 499 than 1 that depends on n and the affinity of the macrocycle for 500 the polymer. 
